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(57) Abstract 

An amperometric bicsenser raid method for the detection of hydrogen peroxide, NADH. or NADPH with high sensitivi 
inchides an electrode (10) having or its testing surface a three-dimensional redox polymer netw rk (14) in which peroxidase (i 
is immobilized. 
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TITLE; ELECTRODE AND METHOD FOR THE 

DETECTION OF HYDROGEN PEROXIDE 



This iR a continuation-in-part of copending 
patent application U.S. Serial No. 389,226 filed 
August 2, 1989. 

5 OF THB TWVENTIOM 

The present invention relates to an 
anperonetrin biosensor or electrode arid method for 
the detection of hydrogen peroxide, NADH or NADPH 
with high ertnsitivity. More specifically, this 
10 invention is drawn to an electrode having a surface 
substantially covered with a three-dimensional redox 
polymer network in which a peroxidase is 
immobilized, preferably chemically bound. 

15 BACKGROUNn QP THE INVENTION 

The assay of hydrogen peroxide is relevant to 
the assay of biochemicals that are oxidized in 
enzyme catalyzed reactions by molecular oxygen where 
©2 is reduced to hydrogen peroxide. The hydrogen 

20 peroxide is generally assayed spectrophotometrioally 
or electrochemioally. An electrechemical assay for 
H2O2 may irvolve electrooxidation of H202» usually 
near ♦0.7V (SCB) , to O2 or electroreduction, near 
O.OV (SCE), to II2O (Hall, Bloaensors. Prentice Hall, 

25 Englewood Cliffs, NJ, 1991, p. 16, 135, 221, 224, 
283-4; Cass, Bloaansorst A Practical Approach, 
Oxford Univ. Press, 1990, pp. 33, 34) 
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Detection and quantification of a substantial 
ntmber of biochemicals is also acscomplislxed by 
amperoaetric assay rslyihg on the selective 
electrooxidation of MUSH and MADPH as co-factors of 
5 relevant .enryiaes. OHie electrooxidation products MAD* 
or MADP* can be enzynatically re-redixced and detected 
by electrocatalytic enzyme electrodes. 

NAD(F)H 1IW)(P)* + 2e- + H* 

10 (1) 

The reversible potential of the NADH/NAD* couple is - 
0.S5V (SCE) at pH7 (McGilvery, plocl)9fflistry~ft 
ffunetionaJ Approach . W.B. Saunders fi Co., 

15 PhiladelpbiP, 1983, p. 404). Because this reaction 
involves the concerted transfer of two electrons and 
a proton, it is usually alow, proceeding only at 
high overpotcntials to achieve practical ratea on 
most electrodes. At these high overpbtentials, 

20 reaction products of iaD(P)H and other constituents 
of biological fluids interfere with amperometric 
assays of HaDCP)H (Mbiroux and Elving, hrml, Q^^i t 
1979, 51:346; Blaedel amd Jenkins, ftnalt Ch^ffiw 
1975, 47:1337) . 

25 Because of this problem, electrodes were 

developed on which the conversion of NAD(P)H to 
NAD(P)* proceeded rapidly at low overpbtential 
(DeGrand and Hin^'^, Ti Mi f^g^"- Roc. 1980, 
102:5728-32; Kitani et al. , .T, M- Ctiept Sog- r 1981, 

30 103:7636-41; Futoli et al., sTt h^t g^?1"i S°gt , 1982, 
104:28; Lau and Miller, iTi ftFr C^^Ht Soc,, 1983, 
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105:5271; Gorton et al., Anal, chlm. Acta.. 1991, 
250:203-48; Cenas et al., J- Eiectroanal. Chem. 

TwfoT-^aeta l HI aetroeham . 1985, 189:163; Kulys, 
ftjQBanaor-a . 1986, 2:3) . The most successful of 
5 these electrodes utilized electrode-bound, 

electrode-adsorbed or freely diffusing mediators 
having guinoid structures in their oxidized state 
(Gorton et al. 1991; Cenas, 1985; Kulys, 1986; 
Gorton et al. 1984, J. Eleetroanal. Chem. 

10 TnteTTfaeia T Biactrochem. 1984, 161:103; Persson and 
Gorton, J- Eieetroanal. chem. Interfacial 
Bieei^roehem . 1990, 292:115; Bremle et al. , 
BT>r^,>oanalvais. 1991, 3:77-86). The quinoids (Q) 
effectively catalyze conversion of NAO(P)H to NAO(P}*^ 

15 at potentials near O.OV (SEC). 

Q+ + NAD(P)H QH + MAD* (2) 
QH + ©2 + H* Q* + H2O2 (3) 

20 

In such electrodes, two electrons and a proton are 
transferred from IIAD(P)H to a guinoid mediator 
(Reaction 2) . A particularly effective mediator is 
water-soluble 5-m«thyl-phenazoniura cation (PMS*) 

25 which is guantitatively reduced by NAD(P)H to 5- 

methyl-phenazine (PHSH) . PMSH is next reoxidized to 
PMS* by dissolved molecular oxygen which is, in turn, 
reduced to E2O2 (Reaction 3) . In this reaction, each 
mole of NAD(P)H produces one mole of H2O2 in the 

30 presence of dissolved molecular oxygen. 
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Previously ri^orted schemes for the detection 
of HADH and NADPR have amperometrically sensed the 
depletion of oxygen (Polster and Schmidt, Ealanta* 
1989« 36:864-866; Back et al.r AnalYStf 1984, 
109:147-150) or have spectrophotometrically measured , 
the HaO, generated (Williams et al., ftnalt ghgHVi r 
1976, 48:1481-34? EUTOp. Pat. Appl. EP 317070, 1989; 
Europ. Pat. Appl. BP 285998, 1989) by these 
reactions. 

such indirect detection methods suffer probleme ;. 
of interference by other constituents in the test 
sample, and/ or lack the sensitivity of a useful 
amperometric biosensor. 

It would be highly desirable to provide an 
an^erometric biosensor for the detection of HaC^, • 
NftDE and mOVE which is highly sensitive and which 
is not significantly hampered by interfering 
substances in a test sample. 

CTTMMAttY Q g THW TWVEtraiON 

The present invention solves the problems of 
prior art amperometric biosensors by providing a 
biosensor which is highly sensitive and which 
accurately measures Jljpz, HADH or NADPH in a 
biological sample. The electrode and method of the 
present invention accurately and with great 
sensitivity measures hydrogen peroxide directly by 
the reaction: 

H»Oa + 2e' -t- 2ft -* 2HjO (4) 



The inventiv bl sensor includ s an electrode 
which Is substantially cov r d by a thr e- 
din nsi nal redox p lyn r n tw rk in which a 
peroxidase or peroxidase-like molecul is 
5 inmobili^ed, and preferably is chemically bound. 
This redox polyner network electrically cMinects, 
i.e., "wires" redox centers of peroxidase to the 
electrode. 

Thus, the following sequence of electron 

10 transfer becomes operative: HaOj oxidizes peroxidase 
and is reduced to water; peroxidase is reduced by 
the 3-dimensional redox polymer network, which is 
oxidized; and the oxidized redox polymer network is 
electroreduced by electrons originating at the 

15 electrode. The net reaction is the electrocatalytic 
reduction of HjOa to water. This reaction proceeds 
throughout the 3>dimensional network, not only at 
the electrode surface, wherefor the current density 
and sensitivity, i.e., the transduction of flfii flux 

20 to the network to an electrical current, are high. 

Furthermore, because no diffusional electron 
shuttling mediators that may be lost by random 
diffusion to the entire volume of the solution prior 
to reaching the electrode are involved in the 

25 transport of charge, the current efficiency of the 
HjOj electroreduction reaction is also high. 
Electrons originating at the electrode are thus 
efficiently relayed through the redox polymer 
network to the bound peroxidase, in the presence of 

30 HjOj, a current flows, flfiz is * molecule that 

oxidizes redox centers of peroxidase, i.e., depletes 
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these of electrons. The electrons transferred from 
the peroxidase to HaOj reduce HaO» to HaO. This 
transfer of electrons represents an electrical 
crurrent which is proportional to the concentration 
of H2O2 in the test solution, unless the HjOa 
concentration exceeds the peroxidasi«» inhibiting 
concentration, near 3 x 1Q-*M for horseradish 
peroxidase. 

such direct detection allows a rapid and highly 
sensitive assay for hydrogen peroxide, and also 
permits a rapid and highly sensitive detection and 
quantification assay for the cof actors MADH and 
NAOPH and substrates of enzymes which utilize these 
cof actors. 

ffHtCT DESC PTpTTQW OP THK DRAV?XMgS 

Fig. 1 is a schematic diagram of an electrode 
of the present invention. 

Fig. 2 is a diagrammatic representation of the 
structure of Polymer I (PVP-Os-NHa) . 

Fig. 3 is a diagrammatic representation of the 
structure of Polymer II (PVI-Os) . 

Fig. 4 is a (diagrammatic representation of the 
structure of Polymer III (PVI-Os-HHa) • 

Fig. 5 is a diagrammatic representation of 
electron transfer in an electrode of the present 
invention. 

Fig. 6 is a schematic diagram of a bi-layer 
electrode of the present invention. 



Fig. 7 is a graphical depiction of 
eliBctror ducti n pt HaOa on an lectrod having a 3- 
dimensional polymer network which lacks redox 
centers. - Curve A is measured without HaOa; curve B 
5 is measured with 10'^ HaOa* 

Fig. 8 is a graphical depiction of 
electr or eduction of Yi^^ on a rotating electrode 
having a 3-dimensional redox polymer network, curve 
"A" is measiijred without HaOj at 500 rpn; Curve "B" is 
10 measured with 10"*M HjOa at 500 rpm; Curve "C" is 
measured with 5 x 10'^ HjOz at 2000 rpm. 

Fig. 9 is a graphical depiction of 
electroreduction of H2O2 on electrodes formed with 
varied ratios of HRP: Polymer I. 
15 Fig. 10 is a graphical depic^.ion of 

electroreduftion of HaOa on electrodes of the present 
invention :.n nitrogen-purged and air-saturated 
solutions. 

Fig. .11 is a graphical depiction of 
20 electroreduction of HaOa on electrodes of the present 
invention at various concentrations of H2O2. 

Fig. 12 displays the chemical structure of 
heterocyclic guinoid mediators useful in the method 

of the presMAt inv e ntion ^ _ _ 

25 Fig. 13 is a graphical depiction of 

electroreduction of HaOa on electrodes of the present 
invention in a test solution containing 5- 
methylphenasonium methylsulf ate and in response to 
NAOH. 
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Fig. 14 is a graphical depictioii or 
electroreduction of HjHz on electrodete of the present 
invention in ? test solution containing 5- 
iDethylph^zrr.::.um aethylsulfate and -in response to 

Pig. IS is a graphical depiction of current 
density generated by an HRP-glucose oxidase (60X) 
bilayer electrode in the presence of glucose, where 
the electrode contains 0, 26-13 l/xg/GOX. 

Fig. 16 is a graphical depiction of current 
density generated by an HBP-GOX bilayer electrode in 

the presence ot glucoser where the eleetrodo 

contains 0.26-1.3iig/GOX. 

Fig. 17 is a graphical depiction of current 
density generated by an HRP-GOX bilayer electrode in 
the presence of glucose under oxygei saturation 
(open cirden) and under partial depletion of oxygen 
(closed eirel'.ss) . 

Fig.' 18 is a graphical depiction of current 
density generated by a peroxidase-D-amino acid 
oxidase (AAOX) bilayer electrode in the presence of 
D«-alanine. 

Pig. 19 Is a graphical depiction of cxirrent 
density generated by a peroxidase-AAOX bilayer 
electrode in the presence of D-tyrosine. 

Fig. 20 is a graphical depiction of current 
density generated by a peroxidase-choline oxidase 
electrode in ^.he presence of choline, where 
peroxidase ard choline oxidase are present in a 
single electrode layer. 
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DgTAILED pESCRIPTIQM QP TOE IMVBNTIQW 

As 8h vn in ^ig. l, a bloisensor of the present 
invention includes an electrode 10 having a testing 
surface 12* . The surface 12 is substantially covered 
5 with a three-diaensional redox polymer 14 In vhlch 
peroxidase 16 or a peroxidase^like molecule is 
immobilized, preferably chemically bound, to the 
redox polymer. The three-dimensional redox polymer 
network 14 electrically connects the electrode 10 to 

10 the peroxidase enzyme 16. The electrode 10 may 
be formed of any material known fpr the manufacttire 
of biosensing electrodes. Preferably the electrode 
is formed of a solid material, e*g., gold or glassy 
carbon. Additional suitable electrode materials 

15 include graphite, platinum, palladium, tin oxide, 
and conducting organic salts » 

The three-dimensional redox polymer includes at 
least two components. At least one of these 
components comprises a redox compound, and at least 

20 one other component comprises a peroxidase, or 
peroxidase-like molecule. The three-dimensional 
molecular structure has multiple redox centers and 
has the percxidase enzyme chemically bound within. 
The term "immobilized'* is meant to describe a 

25 peroxidase enzyme or a peroxidase-like molecule 

which is retained within the redox polymer network 
and does not freely diffuse away. The peroxidase 
may be entrapped, but is preferably chemically 
bound, and more preferably covalently bonded to the 

30 redox polyiner. 
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The peroxidase may be horseradish peroxidase or 
a faster peroxidase such as the fungal peroxidase 
from ^ifeESDXSSft rwrosus. Alternatively, a 
peroxidase-like molecule such as a heme-containing 
5 molecule, e.g., an imidazole, vinyl imidazdle or 

polyvinyl imidazole complex of a water-soluble hemin 
derivative. 

As used herein, the term "peroxidase" includes 
peroxidase-like molecules. The term "peroxidase- 

-iO like molecule s " is m eant to define molecules which 

include a redox center that is oxidized by HaO^ and 
is electrochemically reduced by electron transfer 
fTOm an electrode. 

The term "redox compound" is used herein to 

15 mean a compound that can be oxidized and reduced. 
The redox compound may have one or more functions 
that are reducible and oxidizable. Further, the 
term "redox compound" means a compound which 
contains one or more redox centers, "redox center" 

20 meaning a chemical fxinction that accepts and 
transfers electrons. 

The redox compounds, or redox centers contained 
within compounds useful in this invention may be 
organic or inorganic. Transition metal complexes 

25 with organic ligands such as, for example, 

bipyridine and the like, are preferred as redox 
centers because of their chemical stability and 
various oxidation states and their facial electron 
transfer kinetics. Examples of such complexes 

30 include polypyridine complexes of di- or trivalent 
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osmium i ns. Hovov r, a number of organic r d x 
centers may also b mpl yed. Various d rivativ s 
of viologen (N,N'-bis allcyl-4,4'-bipyridine) 
constitute typical examples of this class, h number 
of preferred crosslinkable compounds containing 
redox active centers are known. Some of these 
compounds require only the addition of enzymes to 
form 3 •-dimensional crosslinked films, i.e., the 
enzyme is the only required crosslinking agent. 
Other compounds do not directly react with chemical 
functions present on the enzyme and thus require a 
separate crosslinking agent to form the 3- 
dimensional network. A preferred redox polymer 
complex for use in the present invention is Polymer 
I, PVP-Os-NHa, shown in Figure 2. To prepare Polymer 
I, poly(vinylpyridine) is complexed with [osmium 
bis(2,2'-bipyridine) dichloride] to yield the 
polymer abbreviated [Os(bpy) 2CI2] • This polymer 
(PVP-Os) is then quaternized, e.g. , with 
bromoethylamine hydrobrcnide to form a very 
hydrophilic, crosslinkable redox polymer, containing 
pendant ethylamine groups (PVP-OS-NH2) as shown in 
Fig. 2. 

Novel redox polymers useful in this Invention 
also include derivatives of poly(N-vinyl imidazole) 
(PVI) complexed with (Os(bpy)aCl]*'** forming PVI-Os 
(Polymer II), shown, for example, in Figure 3. PVI- 
OS is by itself a crosslinkable redox polymer, but 
may also be quaternized to form PVI-Os-MHx (Folymer 
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Ill) for additional crosslinking sites (see Figure 

4)- ' 

In a preferred rabodinent, the three- 
dimensional redox polymer netirork includes a 
peroxidase enzyme, a cross-linking agent, and a 
crosa-lirilcable compound capable of reacting with the 
oross-linking agent and the peroxidase. Either the 
oross-linkable compound or the cross-linking agent, 
or both, contain at least one but preferably 
asultiple redox centers. 

Preferred cross-linking agents are water 
soluble compoundis that react under conditions where 
enzymes are stable, that is, in aqueous solutions, 
approximately at pH3-9 and at 0-50»C. Included in 
this category of cross-linking agents are multi- 
functional epoxides such as polyethylene glycol 
diglycidyl ether (PE6DGE) , carbodiimides, and di and 
poly aldehydes, imidoesters, and N-hydroxysuccinimid 
esters. A number of reagents with limited 
solubility in water may also be used by dissolving 
them in a water-miscible organic solvent such as ^ 
acetone, methanol, acetonitrile or 
dimethylf ormamide. Included in this category are 
reagents such as cyanuric chloride, 
tetrachlorobenzoguinone, and 

tetracyanoquinodimethane. These reagents may react 
with one or more types of functions including 
amides, alcohols, thiols and carboxylie acids which 
may be present on the surface of enzymes and which 
may also be included in the structure of the redox 
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compound. Additional crossllnkers which may be used 
in preparing the electrodes of the present invention 
include di, trl, and poly aziridlnes, e.g.. 



HOCHiCC CH2OC (O) CH2CH2N ] 3 . 

CHa 

Preferred crosslinkable compounds are 

10 hydrophilic, containing chemical groups such as 
alcohols, carboxylic acids, amines, sulfonates, 
sulfates, phosphates, and phosphonates. Sucsh groups 
tend to promote the solubility of the components in 
water which facilitates contact with the water 

15 soluble enzymes. Such groups may also improve the 
stability of the immobilized enzyme against 
denaturatiion • 

To orm the inventive electrodes, the 
components of the three-dimensional redox polymer 

20 network are mixed together under appropriate 

conditions such that a chemical reaction takes place 
resulting in the formation of a three«*dimensional 
redox polymer having peroxidase enzyme bound within 
a three-dimensional redox polymer network. 

25 Mixture of peroxidase and the various polymer 

components in a common solution is followed by the 
application of the solution to an electrode surface. 
Various application methods may be used, including 
the addition of drops of the solution onto the 

30 electrode surface, dip coating, spin coating, or 

13 
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spraying the solution onto the electrode surface. 
The application step is followed by a curing or 
setting step, involving drying in air or vacuum. 
Alternatively, the process may involve the addition 
of the enzyfie and polymer components in separate 
solutions to the surface of the electrode, mixing, 
and then curing or setting in air or vacuum. 

When materials are coated onto an 

electrode surface, the three-dimensional molecular 
structure which results provides electrical contact 
between the surface of the electrode and the 
included peroxidase enzyme. 

In the irethod of the present invention, the 
inventive electrode is used to directly detect H»o, 
15 in a test sample. In this method, electrons 
generated at the electrode are relayed to the 
peroxidase enzyme through the redox polymer (e.g.. 
epoxy) network to which the peroxidase is chemically 
bound. AS shown in Fig. 5, electrons are relayed to 
the peroxidase enzyme which is electroreduced at 
potentials negative of +0.35Y (SCE) , generally O.OV 
(SCE) . In the presence of HaO, in the test sample, 
the electrc::»» are then transferred from the reduced 
peroxidase to hydrogen peroxide resulting in the 
25 generation of water (see reaction 4) . The transfer 
of electrons from the electrode through the polymer 
network and through peroxidase to hydrogen peroxide 
implies the flow of an electrical current. This 
current is a function of the concentration of H2O2 in 
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the test snVdtion. By this m thod, HjOj is detect d 
with approximat ly lAcm'^M"* sensitivity. 

Because NAD(P)H oonoentrations are 
stoichiometrically translated to HjOa through the 
reactions discussed previously (2) (3) , these 
cofactors are also detected by this nethod at the 
sane potential with the same sensitivity. In 
addition, a^ibstrates whose enzyne catalyzed 
reactions generate H^Oj or NAD(P)H may be assayed 
using the biosensor and method of the present 
invention with a related sensitivity. 

In an alternative preferred «?mbodiment, as 
shown in Fig. 6, the biosensor of the present 
invention inay include two enzyme-containing layers 
on the electrode. In the immediate proximity of the 
electrioaa ronductor, e.g., the electrode 10, is a 
first, perrxidaae-containing layer 15, which, as 
discussed for the peroxidase-cont'iining electrodes 
above, is electrically connected, i.e., "wired" 
through a three-dimensional redox polymer network to 
the electr«v»e. A second enzyme layer 18 is located 
between the peroxidase layer 15 p.nd the solution to 
be tested, and contains an enzyme. 20 which 
accelerates a reaction of which hydrogen peroxide is 
product. Examples of such an enzyme 20 include 
glucose oxidase which aecelerater oxidation of 
glucose by oxygen to gluconolactrie and hydrogen 
peroxide . 

SultaJ:>le enzymes for use as the second enzyme 
20 include those which induce reaction of a 

15 



subslnrate vhoi^e detection is sought: in a biological 
sample, tiie reaction generating hydrogen peroxide 
which may bo {letected on the peroxidase portion of 
the electrode. Examples of such enzymes include 
glucose axidnty^, amino acid oxidase, cholesterol 
oxidase, thcir^Fhylline oxidase, sarccsine oxidase and 
the liJce. 

This bii ?.yer peroxidase biosensor permits 
detection of biological substrates ^y a reaction 
induced by Xl^t- first enzyme 20 which generates 
hydrogen pero>ride. H^Oj is then efficiently 
electroreduc . at a.OV (SEC) and detected by the 
peroxidase electrode system described^ above. The 
resulting serf^itivity lis very high ?j:d proceeds vith- 
little intez:frrence by contaminating biological 
species which are hot electroreducei^ or 
electrooxidizi^d at O.OV (SCE) • 

In the >f.layer peroxidase biosensor, the 
peroxidase ernyme 16 and the second enzyme 20 are 
electrically isolated from each oth^r, i.e., the 
second enzyme 20 is hot electrically connected to 
the electrode, and not electrically connected to the 
redox polymer networ)c to which the F^^oxidase is 
bound. Such rlectrical isolation m'*.y be achieved by 
construction of a sensor where an bniior layer 
containing the second enzyme 20 is i/hyslcally 
separated frr^ an inner layer containing the 
peroxidase-re^x polymer network. 

Alternatively, a single layer structure 
containing bot*a enzymes may be used. This single 
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layer includes in th electr de-contacting "wired" 
peroxidas layer also the sec nd enzyme 20, whos 
redox centers are nevertheless insulated fron the 
redox network, e.g., by a protein or glycoprotein 
5 shell, such that the second enzyme is not 

sufficiently contacted, i.e., is not "wired" by the 
three-dimensional redox network. Such insulation 
prevents reduction of the second enzyme by the 
network or its oxidation by HaOj-oxidized peroxidase. 

10 Upon reacting with 0, after being reduced by its 

substrate, the second enzyme 20 generates hydrogen 
peroxide, which oxidizes the "wired" peroxidase 
network and is thus sensed. 

In another embodiment, the HaOa producing second 

15 enzyme 20 may be electrically isolated from the 3- 
dimensional redox network and bound peroxidase by 
» maintaining the network at a potential where the 
second enzyme is not oxidized or reduced. 

"Electrical contact" is defined as the 

20 situation where current will flow in the external 
circuit as a result of oxidation or reduction 
reaction in one or more layers of the sensor. 

"Electrical isolation" and "Electrical 
insulation** describe the situation where a current 

25 in the external circuit will not flow as a result 
oxidation or reduction reaction in the isolated or 
insulated layer. Electrical isolation or 
insulation Of the second enzyme 20 from the 3- 
dimensional redox polymer 14 and peroxidase 16 

30 permits both enzymes to be included in the same 



17 



layer, e.g., HaO, producing second enzyme 20 may be 
embedded in the 3-dimensional redox polymer network . 
12. At the operating potential of the electrode, 
e.g., O.OV (SCE) current is produced only by flov of : 
electrons from the electrode to hydrogen pWroxlde 
and little or no current results from direct 
reduction or oxidation of the HaO, ^aroducing second 
enzyme (20). 

The following examples are designed to 
illustrate certain aspects of the present invention. 
The examples are not intended to be comprehensive of 
all features and all embodiments of the present 
invention, and should not be construed as limiting 
the claims presented herein. 

pCMUPU 1 

j ^^ yr.i'ir^T. Of w,o, sensing fif^Q^rqa^s* 
Rotating disk electrodes were made of vitreous 
carbon rods, one centimeter in length, three 
millimeters in diameter. The disk electrodes were 
press-fitted into one end of a Teflon sleeve. The 
opposite end of the sleeve contained a press-fitted 
stainless steel rod threaded to match a rotator. 
Electrical contact between the vitreous carbon and 
stainless steel roda was made with a silver epoxy 
EPO-TEK H20E (Epoxy. Technology, Inc., Billerica, 
MA> . The el^trodes were polished first with a 6nK 
then with 1/iM diamond suspension, followed by 0.3mM 
alumina. After each polishing step, the electrodes 

18 
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were sonicated for three to six minutes in the 
deionized water. 

Horseradish peroxidase (HRP) (2 mg) (Sigma 
8375 Type VI, 260 Units/mg) was dissolved in 100 /il' 
5 of O.IN sodium bicarbonate solution. After the 

addition of 50 of 12 mg/ml sodium periodate, the 
enzyme solution was incubated in the dark for 2.3 
hours. A 10 mg/ml solution of Polymer I, ah osmium 
redox polyamine, synthesized as described in Gregg 
10 and Heller, J> Phvs> Chem, , 1991, 95:5970-75, and 

shown in Pig. 2. was 'used to dilute allquots of the 
enzyme solution resulting in enzyme: Polymer I 
solutions having various ratios (1:5, 1:10, 1:50, 
1:100). 

15 A volume of one microliter of the 

enzyme: Polymer I (PVP-OS-NH2) solution was applied to 
the polished vitreous carbon surface* The 
electrodes vere allowed to partially dry for five to 
fifteen minutes, after which one microliter of a 1 

20 mg/ml solution of poly (ethylene glycol 600 

diglycidyl ether) , technical grade (PB6DE) (Poly 
Sciences, No. 8211) was applied. The electrodes 
were then cured in water-saturated air at room 
temperature for at least four hours. 

25 Electrodes were also prepared by coimmobilizing 

HRP previously oxidized with NalO^ with a polyamine 
that had no redox centers. This polyeunine was 
obtained by reacting polyvinylpyridine (PVP) (MW 
60,000) with 2*bromoethylamine to form the 

30 pyridlnium-N-ethylamine derivative, i.e., the 
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polymer was Polyaer I without tOsCbpy)aCl]*'** redox 
centers. The HBP was cross-linked to the polyamine. 
using PE6DE through the above-described process. 

5 BXMIPt.E 2 

rvf H.O- SAnstner Electrodea 
The electrodes prepared in Example I were 
ea^osed to test solutions containing HjO,. 
The electrodes were operated at room 

10 temperature in modified Duibecco's buffer (PBS) pH 
7.4. unless otherwise indicated, the solutions were 
well aerated. All mediator solutions were made 
daily and protected from light until used. 
Potentials ware referenced to a saturated calomel 

15 electrode (SCB) . K platinum wire was used as the 
counter electrode. The cfaronoamperometrlc 
as^eriments were performed on an E6 and -6 
potentiostat/galvemostat Model 173 and recorded on a . 
Kipp and Zonen XX recorder Model BD91. The cyclic 

20 voltammograms were mm on an. EG and 6 

potentiostat/galvanostat Model 27 3 A and computer 
recorded. OTie rotator used was a Pine: instruments 
AFMSBX with an ACMDI 1906C shaft. 

Electroreduction of HjOj was observed on 

25 electrodes containing horseradish peroxidase (HRP) 
chemically bonded in the epoxy network of both the 
polyamine without' redox centers (Pig. 7) or the 
polyamine containing osmium redox centers (Fig. 8) . 
In the absence of the redox centers, some reduction 

30 took place at potentials negative of 0.2V(SCE). In 
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1:he presence of 1 X lO'^M H2P2, a plateau of 
approximately luAojoT^ was reached near O.lV(SCE) 
(Pig. 7) . In contrast, using the inventive 
electrode having a redox epoxy network with multiple 
osmium redox centers, the current density at O.OV 
(SCE) increased by two orders of magnitude to about 
lOOMAcm'^. Furthermore, H2O2 electroreduction was 
observed even at a potential as oxidising as 4-0 •45V 
(SCE) and steady-state electroreduction current 
plateaus were observed already at a potential as 
oxidizing as +o«3V (SCE), as shown in Fig. 8. 

In these electrodes, the catalytic H2O2 
electroreduction current density was relatively 
independent of the HRP: Polymer I ratio. A series of 
electrodes was examined. These were prepared as 
described for Example I, but with varied ratios of 
peroxidase : polymer . 

The catalytic H2O2 electro-reduction current 
density of these electrodes was measured, and the 
results are shown in Figure 9. The current density 
genexrated was nearly independent of the HRP: polymer 
ratio at low H2O2 concentrations (e.g. less than 1 X 
10**M) . At higher H2O2 concentrations, the current 
density in-?reased as the polymer network became 
richer in HRP, up to a ratio of approximately l:S» 
Current densities of electrodes containing an 
HRP: polymer I ratio of 1:10 and 1:5 did not differ 
greatly. For electrodes having a 1:5 HRP: Polymer X 
ratio, the sensitivity of the electrode in the 
concentration range of 0-1 x 10**M H2O2 was lAcm"^^, 
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i.e. the current density at 1 x 10-*K H»o, vas 
lOOitAcm'*. When the Hj)» concentration exceeded 
0.25inM, the current time dependent and decayed, 
presumably because of * substrate inhibition of HRP. 
5 control electrodes na^p ^ith a Polymer I network in 
the absence of HRP sheared no measurable HjO, 
response- 

Figure 10 illustt^ates the insensitivity of the 
electrodes of the present invention to the partial 

10 pressure of oxygen, a^feature of particular 

importance in the analysis of venous and arterial 
blood constituents and of constituents of 
bioreactors. In Figure 10, measurements in air- 
saturated solutions are shown in open circles and 

15 those in the N^-purged solutions are shown in closed 
circles. No measurable difference was seen between 
the calibration curves of the 1:100 (HRP:Polymer I) 
electrode in nitrogen-purged or air-saturated 
solutions. For the lt5 (HBP: Polymer I) electrode 

20 there was a marginal difference, with readings in 
air exceeding those in nitrogen by less than 2*. 

The dynamic range of the HRP electrode was 
demonstrated using the electrode containing HRP in a 
ratio of 1:5 HRP: Polymer I. When this electrode was 

25 contacted with test solutions containing varied 

concentrations of HaOz over a range of three orders 
of magnitude from about 1 x IQ-'M to about 1 X lO"*!!, 
the current density increased linearly with HjO^ 
concentrations (corr^aation coefficient 0.997; slope 

30 lActt"^*) , as shown in Fig. 11. At low 
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concentrations, the time-response of the electrodes, 
was slow. Following an HjOj injection raising the 
concentration from o.OM to i x lO'^M, the c\irrent 
reached a* strady state in approximately ten minutes. 
5 At higher concentrations, the response time was 
faster, e.g. , two minutes for 1 X lO'^M HPa* The 
noise equivalent HjOj concentration ••^as approximately 
3mM, i.e., nt 1 X 10'^ H^^i the signal to noise ratio 
was approxim;ately three. The background current, 
10 measured af^Ar the electrode was allowed to 

stabilize for 30 minutes, was 70n£.cm~' at O.OV (SCE) • 

i BPWtffp^? 3 

15 Use of wai iredw HRP Electrodes to Sense WADfP^H 

The electrodes prepared as described in Example 
1, when immersed in a solution to "i^rhich either NADH 
or NADPH was added, showed no change in backgroxind 
current at C, OV (SCE). However, when a heterocyclic 

20 guinoid was added to the test solution, an NAD(P)H 
concentration-dependent cathodic current was 
observed. The structures of useful heterocyclic 

quinoids arc shown in Fig. 12, with the relative 
effectiveness of these mediators in the generation 

25 of H2O2 refl4:?ted in the order of t.heir listing. 
Addition of any of these mediators to the test 
solution at less than lOmM concentrations did not 
change the observed current. 

As shcTm in Fig. 13, a linear variations in 

30 current density with NADH concentration was observed 
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when HRP electrodes oontaiAlng a ratio of 
HRP:polymer of 1:5 and islOO were immersed in test 
solutions containing l.ftBK 5-methylphena2onium 
methylsulfate (PMS+> and varied concentrations of 
5 MADE. TOie NADH concentration dependence of the 

currant density remained linear through a range of 
NADS concentrations from l-lOO/tM and the slope, 
i.e., sensitivity, was lAcm~%**. similar to that 
previously obtained for HaOa concentrations. 

la This experiment was repeated using an electrode 

having a ratio of 1:5 HRP r polymer and in the 
presence of NADPH. Data obtained are shown in Fig. 
14. A linear dependence of the current density on 
HADPH concentration was observed in the 1-200MM 

15 HADPH range with a sensitivity again of lAcm'Hr*^. 
Equilibration times for steady state 
measurements depended upon the concentration of the 
mediator, i.e., a high mediator concentration 
resulted in acceleration of H^Ox production. 

20 Typically, a steady state current for injection of 
MADH was within 5% of its final value after five to 
seven minutes equilibration at 3. 5- 
methylphenaaoniua methyl sulfate (PMS-i-) 
concentration . 

25 As expected from reaction 3 discussed above, 

electroreduction currents were observed only in 
aerated or oxygenated solutions. The current did 
not increase when Oj rather than air was bubbled . 
through the solution, nor did the current decrease 

30 wh«i the O2 stream was replaced by air. When the 
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solutions vera purged of oxygen by bubbling of Nar 
the current revera.ed, i.e., small electrooxidation 
current was observed in the PHSH (PMS"^ and NADH) 
containing solution. Electrooxidation of PMSH 
5 proceeded cn glassy carbon electrcdes whether or not 
these were modified with HRP containing redox 
networks. However, even minimal aeration of the 
PMSH solution reversed the current. Such reversal, 
was seen only on electrodes which contained HRP in 
10 the redox polymer network. 
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F,yAMPI.E 4 

Polished rotating disk electrodes were prepared 
of vitrebus carbon rode as described for Example 1. 

A. solution of 20ing/ml horseradish peroxidase 
(HBP) Type VI solution was prepared in 0.1 M HaHCO,. 
A volume of lpO|*l of this solution was reacted with 
50M1 of NalQ, (12ag/ml) and incubated for two hours 
in the dark at room temperature. A. volume of iO/il 
of this oxidized HRP was added to a volume of 50Ml 
of Polymer I (P^-Os-NHz) (lOmg/ml) and SO/il of 
polyethylene glycol diglycidylether'40a (PEGDE) . 
The polished electrode was coated with 3^1 of this 
mixture and cured for 48 hours in a vacuum 
desiccator . 

D-amino acid oxidase (AAOX) bi-layer electrodes 
were prepared by placing a 10|*1 aliquot of a 
solution containing 2.9mg/ml AAOX and 0.77% 
glutaraldehyde onto the cured HRP electrode and 
allowing this layer to incubate for at least two 
hours. Glucose oxidase (60X) electrodes were 
prepared by reacting 100|il GOX (20mg/ml) , lOmM 
HEPES, pH8 with 50Ml HalO, (I2mg/ml) and incubating 
this mixture in the dark at room temperature for two 
hours. After incubation^ 2ftl of the oxidized GOX 
was spread onto the prepared HRP electrode surface 
and allowed to incuba^te for at least two hours. 
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^BB of B < -layer PaToxldaae-Glucose Oxiq^ge 
j ^^ g-eferodes A series of glucose electrodes were 
prepared as described in Example 4 using varying 
5 amounts of GOX ranging from o.26Mg to isi/i'g. These 
electrodes were applied to the assay of glucose in a 
three-electrode cell containing 25ml phosphate 
buffer solution (O.IM, pH 7.4). The working 
electrode was glMsy carbon and a saturated calomel 
10 electrode (SCE) was used as the reference. A 

platinum wire was used as the auxiliary electrode. 
All of the measurements were performed in an open 

cell under ai r and at ro om temper ature. All 

constant potential experiments were performed with a 
15 rotating disk electrode at 1000 rpm. The working 

electrode was typically poised at O.OV (SCE) and the 
resulting c\irrent was measured. 

Measurement of glucose in a test solution with 
the bi-layer peroxidase-giucose electrodes prepared 
20 with varying amoiuits of GOX was performed as 

described above. As a general trend, the magnitude 
of the response increased with increasing amounts of 
glucose oxidase, as shown in Figure 15. The current 
response of electrodes prepared with 26Mg to I3l|ig 
25 of glucose oxidase saturated at approximately 2mM 

glucose. This low dynamic range may be ascribed to 
oxygen depletion at the electrode surface. The 
electrodes prepared with 0.26Mg to 1.3M9 glucose 
oxidase all exhibited a linear response up to 
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approximately lOnM glwcose as is better shown in 

Figure 16. H ^ 

K large decrease in catalytie ,/purrent was 
observed when the amount of glucose oxi^lase was 
5 changed froai 26Mg to 2.6f^. 

The experiments described above were repeated 
using a bi-lfnyer peroacidase-glucosa electrode 
containing 1.3Mg «>X in presence and/ or absence 
of oxygen bei!ng bubbled through the test solution. 
XO AS shown in Fig. 17, ^e difference in catalytic 

current was snail at glucose concentrations of less 
than SfflM when the solution was saturated with 
oxygen. However, there was a substantial difference 
seen in cata'ytic current at greater than 5dM 
15 glucose when the solution was oxyg«si^saturated. 

Preliminary results on the strilility of 
peroxidase-G<;X electrodes demonstti>ted half livee of 
greater tha~i 40 hours for continuor? use at room 
temperature. 

20 

EXftMPLB g 

nee of Bi~3wftr R l eetr-odes Petect D-Amino AcldS 
The bi-layer peroxidase-D-amino acid electrodes 
prepared in Ixasq^le 4 were tested in the assay of D- 
25 alaninsr D-tiorosine, and D-cystein*». As shown in 
Figs. 18 and 19, the steady state mrrent response 
at O.OV (SCB) exhibited a linear dynamic range of 0- 
2mM for D-alanine and O-HbM for D-tyrosine. 
Response to D-cysteine was also observed. 
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Pr liminary results with bl-lay r peroxldas - 
AAOX 1 otr d s have d monstrated half -lives, i.e., 
current decreased to] half the initial current, of 
approximately 30 hours lAien used at room temperature 
5 and 16 hours at 37 *C for continuous operation of 
these electrodes. 

mtf^j^^ 7 

Elftctricallv Isolated Second Engvme 

10 Containing Electrode 

An electrode containing choline oxidase and 
horseradish peroxidase in a single layer was 
prepared as follows. Glassy carbon electrodes, 3 mm 
in diameter, were polished using diamond paste. A 

15 solution of polyaldehyde (i.e., NalO^-oxidized) 

horseradish peroxidase (HRP) was prepared by adding 
in a 1:2 ratio a 12 mg/ml solution of NaIO« to a 20 
mg/nl solution of HRP (Type IV) in 0.1 M NaHCOj. 
This solution was allowed to incubate in the dark 

20 for 2 hours. It was then mixed with a 10 mg/ml of 
Polymer X solution in a ratio of 1:5 HRP: Polymer I. 
A volume of iMl ot this solution was then applied to 
the polished electrode surface along with 1^1 of 23 
mg/ml choline oxidase solution and iMl of 1 mg/ml 

25 PEGDE 400 as a crosslinking agent. The solution was 
thoroughly mixed on the electrode surface and 
allowed to dry for at least 48 hours. 

The resulting choline oxidase - peroxidase 
electrode was tested for its steady state current 

30 response at O.OV (SCE) to increasing concentrations 
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of choline substrate. Tlxe current increase at 
increasing choline concentrations is shown in Figure 
20. 
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WE CIAIM; 



1 1. An* electrode for the detection of hydrogen 

2 peroxide ccrprlsing: 

3 an electrode having a tc^sting surface; and 

4 a 'transducing film substantially covering 

5 the testing .surf ace of the electrrde, the film 

6 comprising a three-dimensional redox polymer 

7 network, the network comprisfing (a) a redox compound 

8 having mull 'pie redox centers and (b) a peroxidase 

9 or a peroxlilase-like molecule, wherein the redox 

10 centers of the peroxidase or peroxidase-like 

11 molecules are electrically connected, in the absence 

12 of diffusi::nal electron shuttles, to the electrode. 

1 2. ^Jhe electrode of claim 3 , wherein the 

2 peroxidase cr peroxidase-like molecule is chemically 

3 bonded to tr?ia redox polymer network. 

1 3. TUe electrode of claim 2, wherein the 

2 peroxidase -^r peroxidase-^like molecule is covalently 

3 bonded to the redox polymer network. 

1 4. ^'he electrode of claim 1, wherein the 

2 peroxidase is horseradish peroxidase. 

1 5. The electrode of claim 1, wherein the 

2 perioxidase is fungal perioxidase of Arthoromvces 

3 ramosus. 
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1 6. Tho electrode of claim 1, wherein the 

2 perioxidase is a peroxidase-like aolecule. 

1 7. • The electrode of claim 6, wherein said 

2 perojcidase-like molecule is a heme-containing 

3 molecule. 

8. The electrode of claim 1, wherein the 

2 redox compound is an osmium ion complexed with 

3 bipyridine. 

1 9. The electrode of claim 9, wherein the 

2 redox compound is poly (vinyl pyridine) complexed 

3 with osmium bis (2,2' -bipyridine). 

1 10. The electrode of claim 10, wherein the 

2 redox compound is poly (N-vinyl imidazole) complexed 

3 with osmium bis (2,2' -bipyr idine) . 

1 11. The electrode of claim 1, further 

2 comprising an enzyme layer fixed to the network, 

3 which enzyme layer includes an enzyme which 

4 catalyzes a substrate-enzyme reaction which reaction 

5 generates H^Oa, NADPH; or HADP, and wherein the 

6 enzyme is isolated from the peroxidase or 

7 peroxidase-like molecule. 

1 12. The electrode of claim 11, wherein the 

2 enzyme layer is physically isolated from the 

3 peroxidase or peroxidase-like molecule. 
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13. The electrode of claim 12, wherein the 
enzyme layer is electrically isolated from the 
peroxidase or peroxidase-like molecule. 

14. A method for analyzing the presence of 
hydrogen peroxide in a test sample comprising the 
s-teps of: 

contacting a test sample with an electrode 
having a teat surface substantially covered with a 
transducing film comprising a three-dimensional 
redox polymer network having multiple redox centers 
and a peroxidase or a peroxidase-like molecule 
immobilized in the network; 

generating electrons at the electrode; 

transferring electrons from the electrode 
through the three-dimensional polymer network to the 
peroxidase or peroxidase-like molecule; 

electroreducing hydrogen peroxide at the 
peroxidase or peroxidase-like molecule; 

gsn^ating an electrical current by 
electroreduction of hydrogen peroxide within the 
three-dimensional redox polymer network; and 

measuring the generated current. 

15. The method of claim 14 wherein the 
peroxidase or peroxidase-like molecule is covalently 
bound to the redox polymer network. 
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1 16. A vethod for analyzing tfce presence of 

2 NADPE or NADH In a test sample comprising the steps 

3 of: 

4 • reacting NADPH or NADK with dissolved 

5 molecular oncygen in the presence of a goirioid in the 

6 test saxqple; 

7 contacting- the reacted test solution with^ 

8 an electrode having a testing surface substantially 

9 covered with a transducing film comprising a three- 

10 dimensional redox polymer network having multiple 

11 redox centers and peroxidase or a peroxidase-like 

12 molecule imnobilized in the network; 

generating electrons at the electrode; 

14 trinsf erring electrons from the electrode. 

15 through the three-dimensional polymer network to the 

16 pertixidase or p«roxidase-like mole<^le; 

17 eloctroreducing hydrogen peroxide at the 

18 hound peroxidase or peroxidase-like molecule; 

19 generating an electrical current by the 

20 transfer of electron^ and electroreduction of 

21 hydrogen peroxide; and 

22 quantifying the generated current. 

1 17. The method of claim 13, wherein said NADPH 

2 or NADP present in the test sample is generated by a 

3 substrate-enzyme reaction such that the generated 

4 current is directly related to the amount of the 

5 substrate in the test sample. 
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1 18. The method of claim 11, wh rein the Had 

2 present in the test sample is g nerated by a 

3 substrate-enzyme reaction such that the generated 

4 current is directly related to the amount of the 

5 substrate in the test sample. 
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AMSiDEa) clahis 
Creceived ky th Eaternational Bureau on 2 July 19M^^^ 
original claim 6 deleted: original dauns 1-3,7 9-18 amended, 
remaining claims unchanged (3 pages) J 

1. . An electrode for the detection of hydrogen 

peroxide comprising: 

an electrode having a testing surfacef and 
a transducing film substantially covering the 
testing surface of the electrode, the film comprising a 
cross-linked redox polyiner network, the network comprising 
(a) a redox compound having multiple redox centers and (b) 
peroxidase tesi^ing redox centers wherein the redox centers 
of the per-iMidase are electrically connected, in the 
absence of diSfueional electron shuttles, to the electrode. 

2. The fslectrode of claim 1, wherein the peroxidase ' 
is chemically bonded to the redox pclymer network. 

3. The electrode of claim 2, herein the peroxidase 
is covalently bonded to the redox polymer network. 

4. The electrode of claim 1, wherein the peroxidase 
is horseradi^^x peroxidase. 

5. The electrode of claim 1, wherein the peroxidase 
is fungal peroxidase of AT-hhoi-omvces ramosus . 

6. (C?J^>CBLLED) The electrode of claim 1 wherein the 
peroxidase i ff a peroxidase-like mol-i^cule. 

7. Th<? electrode of claim 6, therein said peroxidase 
is a heme-cortaining molecule. 
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8. The electrode of claim 1, wherein the redox 
compoiind is an osmium ion complexed with bipyridine. 

9. The electrode of claim 8, wherein the redox 
compound is poly (vinyl pyridine) complexed with osmium 
bis ( 2 , 2 ' -bipyr idine) . 

10. The electrode of claim 8, wherein the redox 
compound is poly (N-vinyl imidazole) complexed with osmium 
bis (2,2' "-bipyr idine) • 

11. The electrode of claim 1, further comprising an 
enzyme layer fixed to the network, which enzyme la:^ r 
includes an enzyme which catalyzes a substrate-enzyme 
reaction, which reaction generates H2O2, NADPH, or NADP, and 
wherein the enzyme is isolated from the peroxidase. 

12. The electrode of claim 11, wherein the enzyme 
layer is physically isolated from the peroxidase. 

13. The electrode of claim 12, wherein the enzyme 
layer is electrically isolated from the peroxidase* 

14. A method for analyzing the presence of hydrogen 
peroxide in a test sample comprising the steps of: 

contacting a test sample with an electrode having 
a test surface substantially covered with a transducing 
film comprising a cross^-linked redox polymer network having 
multiple redox centers and peroxidase immobilized in the 
ne^^work; 

generating electrons at the electrode; 

transf rring lectrons from the electr d through 
th cross-link d polymer network to the peroxidas ; 

electr reducing hydrogen peroxide at the 
p roxidas ; 
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9 n rating an el ctrical curr nt by 
el ctroredttction of hydrog n peroxide within the cr ss- 
linked redox polymer notworX; and 

measuring the generated current. 

15. The method of claim 14 wherein the peroxidase • is 
covalently bound to the redox polymer network. 

16. A method for analyzing the presence of NADPH or, 
NADH in a test aaaiple comprising the steps of: 

reacting NADPH or NADH with dissolved molecular 
oxygen in the presence of a quinoid in the test sample; 

contacting the reacted test solution with an 
electrode having a testing surface substantially covered 
with a transducing film comprising a cross-linked redox 
polymer network having multiple redox centers and 
peroxidase immobilized in the network? 

generating electrons at the electrode; 

transferring electrons from the electrode through 
the cross-linked polymer network to the peroxidase; 

eleetroreducing hydrogen peroxide at the 



Immobilized peroxidase; 

generating an electrical current by the transfer 
of electrons and electroreduction of hydrogen peroxide; and 

quantifying the generated current. 

17. The method of claim 16, wherein said NADPH or 
NADP present in the test sample is generated by a 
substrate-enzyme reaction such that the generated current 
is directly related to the amount of the substrate in the 
test sample. 

18. The method of claim 14, wherein the H^Oj present 
in the test sample is generated by a substrate-enzyme 
reaction such that the g nerated curr nt is directly 
relat d to th amount of the substrate in the test sampl . 
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STATEMENT UNDER ARTICLE 19 

The claims have been amended to recite *'cros8-*lin]ced** 
instead of "three-dimensional" redox polymer network. This 
change clarifies the invention and places the claims in better 
form. Support for this change is found throughout the 
specification as filed. See, for example, page 9, line 19 and 
page 10, lines 6-10. Claims 1 and 14 have been so amended. 
Claims 2, 3, 7, and 11-16 have been amended to delete reference 
to "peroxidase like molecule." The term "peroxidase" is defined 
on page 8 at line 26 to include peroxidase like molecules, thus, 
this language is redundant in the claims. 

Claims 9, 10, 17, and 18 have been amended to correctly 
recite claim dependency. Amendment of the claims will have no 
effect on the specification or drawings. 
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